We have measured the effects of barium-induced cardiac contraction on the intramyocardial blood volume content of all vessels and have independently measured the blood volume content of vessels with a diameter greater than 100 ,um in rat myocardium. Measurements of total intramyocardial blood volume were made by using [1251]albumin as a plasma marker and technetium-99m as a red blood cell marker. In one group of rats (n=8), diastolic arrest was induced by an intravenous injection of KCI; in a second group (n=8), systolic arrest was induced by an intravenous injection of BaCI2. In both groups, the hearts were frozen in situ immediately after heart arrest while aortic pressure was decaying from its former physiological level. The left ventricular free wall was sectioned transmurally in a cryomicrotome, and the blood volume within each tissue sample was calculated from its radioactivity. The volume of blood in vessels larger than 100 ,um was independently estimated from the exposed crosssectional area of these vessels in photographs of the frozen tissue taken during tissue sectioning in the cryomicrotome. Total intramyocardial blood volume was found to decrease by about 42% from 8.6+1.3 ml/100 g (mean±SEM) in the KCI group to 5.0±0.7 ml/100 g in the BaCI2 group (p<0.01). Total volume was greater in the epicardial than in the endocardial layers of both groups (p<0.05). The volume of blood contained in vessels larger than 100 ,um decreased from 1.2+0.3 ml/100 g in the KCI group to 0.3±0.1 ml/100 g in the BaCI2 group (p<0.05). The volume of blood contained in vessels smaller than 100 ,im, calculated by subtracting large-vessel volume from total volume, decreased from 7.4 ml/100 g in the KCI group to 4.6 ml/100 g in the BaCI2 group. These results show that barium-induced cardiac contraction strongly affects the volume of blood in the smaller coronary blood vessels. Although differences exist between barium contraction and a normal systolic contraction, the results suggest that during the normal cardiac cycle the small vessels play an important role in the determination of phasic coronary blood flow. (Circulation Research 1991;68:217-225) Cardiac contraction causes marked differences between coronary arterial inflow (mainly diastolic) and venous outflow (mainly systolic). The fact that coronary inflow and outflow are out of phase requires that a volume of blood be stored in the coronary circulation during diastole and dis- 
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We have measured the effects of barium-induced cardiac contraction on the intramyocardial blood volume content of all vessels and have independently measured the blood volume content of vessels with a diameter greater than 100 ,um in rat myocardium. Measurements of total intramyocardial blood volume were made by using [1251] albumin as a plasma marker and technetium-99m as a red blood cell marker. In one group of rats (n=8), diastolic arrest was induced by an intravenous injection of KCI; in a second group (n=8), systolic arrest was induced by an intravenous injection of BaCI2. In both groups, the hearts were frozen in situ immediately after heart arrest while aortic pressure was decaying from its former physiological level. The left ventricular free wall was sectioned transmurally in a cryomicrotome, and the blood volume within each tissue sample was calculated from its radioactivity. The volume of blood in vessels larger than 100 ,um was independently estimated from the exposed crosssectional area of these vessels in photographs of the frozen tissue taken during tissue sectioning in the cryomicrotome. Total intramyocardial blood volume was found to decrease by about 42% from 8.6+1.3 ml/100 g (mean±SEM) in the KCI group to 5.0±0.7 ml/100 g in the BaCI2 group (p<0.01). Total volume was greater in the epicardial than in the endocardial layers of both groups (p<0.05). The volume of blood contained in vessels larger than 100 ,um decreased from 1.2+0.3 ml/100 g in the KCI group to 0.3±0.1 ml/100 g in the BaCI2 group (p<0.05). The volume of blood contained in vessels smaller than 100 ,im, calculated by subtracting large-vessel volume from total volume, decreased from 7.4 ml/100 g in the KCI group to 4.6 ml/100 g in the BaCI2 group. These results show that barium-induced cardiac contraction strongly affects the volume of blood in the smaller coronary blood vessels. Although differences exist between barium contraction and a normal systolic contraction, the results suggest that during the normal cardiac cycle the small vessels play an important role in the determination of phasic coronary blood flow. (Circulation Research 1991; 68:217-225) Cardiac contraction causes marked differences between coronary arterial inflow (mainly diastolic) and venous outflow (mainly systolic). The fact that coronary inflow and outflow are out of phase requires that a volume of blood be stored in the coronary circulation during diastole and dis-charged during systole. This storage of blood during diastole cannot be explained by the volume changes in the extramural arteries since the storage/discharge phenomenon is out of phase (storage during systole).
Furthermore, it is unlikely that a large variation in blood volume takes place in the extramural veins, where cyclic pressure variations are small. Thus, intramyocardial blood volume is involved in the interaction between systolic and diastolic events as demonstrated for the first time by Porter1 and more recently by Vergroesen et al. 2 During the last 10 years, the ability of the coronary circulation to store blood has received increased attention due to its relation to the back pressure of the coronary circulation. The positive pressure at which coronary inflow ceases (Pf= 0), measured during long diastoles with physiological phasic pressure waveforms,3 were found to be higher than those measured with constant levels of arterial pressure. 4 Klocke et a14 have shown that part of this difference is due to the effect of coronary compliance. In addition, some authors5,6 have argued that the existence of a Pf=0 greater than right atrial pressure is evidence of a large intramyocardial compliance. Therefore, intramyocardial blood volume and compliance appear to play a major role in determining the pattern of phasic coronary flow.7
Several studies8-20 have addressed intramyocardial blood volumes in the arrested heart. Diastolic capillary density and diameter have been the object of many morphological studies8-16 and provide indirect measurements of capillary volume. The volume contained in all vessels smaller than 100 gm in diameter has been measured in the arrested heart by use of radioisotopes. [17] [18] [19] [20] The intramyocardial blood volume of all vessels has been measured in the beating dog heart using the mean transit time technique.21 '22 However, the effects of cardiac contraction on intramyocardial blood volume have not been reported. Unfortunately, it remains difficult to directly measure phasic coronary blood volume in vivo by using present methods. Therefore, we have chosen to characterize intramyocardial blood volume during bariuminduced cardiac contracture and compare these measurements with those made after potassium arrest. The goal of this study was to characterize the influence of cardiac contraction on the intramyocardial blood volume content of both small and large coronary vessels.
Materials and Methods

Preparation of Radiolabels
Intramyocardial blood volume was measured by using radioisotopic tracers of both red blood cell and plasma volumes. Rat red blood cells were obtained from blood samples taken 2 hours before each experiment. The cells were labeled in vitro with technetium-99m (99mTc) (International CIS, Gif Sur Yvette, France). The proportion of free 'Tc in each preparation was estimated from the measured relative activity of the red blood cells and plasma after centrifugation. The percentage of free 99'Tc was less than 0.5% in all experiments.
Plasma volume was measured by using bovine serum albumin (Sigma Chemical Co., St. Louis) labeled in vitro with 1251 (Amersham Corp., Les Ulis, France). Free iodine was removed from the labeled albumin by serial threefold filtrations through an ultrafilter with a nominal cutoff of 50,000 Da (Chemical Laboratories Ltd., London). To verify that a negligible amount of free iodine remained after dialysis, albumin was precipitated with trichloroacetic acid in a sample of the labeled mixture, and the 125I activity was measured in both the precipitate and the supernatant. The proportion of free iodine to labeled albumin was less than 0.5%.
Surgical Preparation and Heart Removal
Sixteen male Wistar-Kyoto (WKY) rats weighing 362± 61 g (mean±+SD) were anesthetized with intraperitoneal pentobarbital sodium (50 mg/kg). ,uCi/ml) and 800 sCi of 9'Tc-labeled red blood cells (4 mCi/ml) were mixed in vitro and injected simultaneously into the jugular vein. After a mixing period of 2.5 minutes, a systemic blood sample was taken from the left carotid artery. The heart was stopped 5 minutes after the initial injection of the radiolabels by injecting either 0.1 mg/ml KCI solution (n=8) or BaCl2 (30 mM; n=8) along with 20 mg/kg carbocromene into the jugular vein. Carbocromene was given to counteract the transient increase in aortic pressure caused by the BaCl2-induced systemic vasoconstriction. The heart was then frozen in situ immediately after heart arrest by simultaneously pouring liquid nitrogen and isopentane precooled to its freezing temperature (-160°C) into the plastic tube containing the heart. Figure 1 shows a typical recording of aortic pressure before and during the freezing process.
To evaluate the possibility of albumin filtration into the extravascular space during the 5-minute period between radiolabel injection and heart freezing, [1251] and sectioned in a manner identical to those of the KCl group. After the heart had been excised in all rats, a urine sample was taken and was analyzed for radioactivity; this analysis would indicate the presence of free radioisotopes in the systemic circulation. Rats in which urine radioactivity exceeded the background were rejected from the study.
Preparation of Tissue Samples
The excised hearts were sectioned at an ambient temperature of -20°C by initially cutting on a plane perpendicular to the long axis of the heart near the apex approximately one third of the distance from the apex to the base. A second parallel cut was made approximately 2 mm further toward the base ( Figure  2 ). The resulting tissue disk was then cut twice more in a direction parallel to the line passing through the centers of the exposed right and left ventricles (see Figure 2) . By using this method, a parallelepiped of tissue was obtained consisting of the left ventricular free wall at one end and the right ventricular free wall at the other.
The left ventricular free wall was sectioned from epicardium to endocardium in a cryomicrotome (-20°C). Initial incomplete sections were discarded.
The thickness of each section was 25 ,gm, and each of eight consecutive sections corresponding to a total tissue sample thickness of 200 ,um was put into a test tube for gamma counting. The surface area of the sections were measured with a caliper after each of five tissue samples (1 mm).
Counting of Radioactivity and Blood Volume Calculation
The activity of each 200-gm-thick tissue sample was counted on a dual channel gamma counter (Kontron Gammamatic, Kontron Instruments, Milan, Italy). Spillover of 1311 into the '5I channel was corrected by the channel ratio method. Counting time was nominally 3 minutes, and the activities of each isotope were typically greater than 500 cpm. For tissue samples with less activity, counting time was adjusted to maintain a counting error of less than 3%. The activity of a known volume of the systemic blood sample was also measured. Because of the relatively short half-life of 99'Tc (6 hours), the 9'Tc activities were corrected for decay during the period of counting. The activities of '1I and 131I (half-lives of 60 and 8 days, respectively) were not corrected for decay.
Plasma volume (Vp) and red blood cell volume (Vrc) were calculated from the 'I activity and 9'9Tc activity of each tissue sample (125 and 99 cpm, respectively) and from the activities of a known volume of systemic blood. Systemic hematocrit (Ht) was also necessary for the calculation and was measured by centrifugation in a capillary tube. The relations were total volume because the sections typically contained tissue as well as blood from the ventricle.
Blood volume was normalized for interanimal differences in left ventricular wall thickness by plotting a histogram of blood volume versus normalized distance from the epicardium. Normalized blood volume was then calculated as the area under the histogram for each 10% change in normalized depth. For example, with a left ventricular wall thickness of 4.2 mm (21 sections of 200 gm each) and blood volume measurements of 10 ml/100 g for the first section, 11 ml/100 g for the second, and 12 ml/100 g for the third, the normalized blood volume would be (10+11+0.1x12)/2.1=10.6 ml/100 g for the first 10% change in normalized depth.
Independent Measurements of Large-Vessel Volume
In six additional rats, cardiac arrest was induced either by injection of KCI (n=3) or BaCl2 (n=3). The hearts were removed and sectioned as previously described. The parallelepipeds of tissue obtained from the left ventricular free wall were sectioned in the cryomicrotome in an identical manner. The planes of exposed tissue remaining in the cryomicrotome support after sectioning were photographed every 100 gm from the epicardium to the endocardium at an enlargement of x3. The images of the tissue sections were magnified by projecting the slides onto a screen at various distances. The sharp color contrasts between blood and frozen tissue that have been reported by others17 enabled us to clearly distinguish individual vessels as small as 50 gm in diameter. Figure 4 (left and right panels) shows photographs of epicardial and endocardial tissue sections, respectively.
The ratio of intravessel area to total area in each tissue plane was calculated by projecting the images of the exposed sections onto a digitizer (MacTablet, Apple Computer, Inc., Cupertino, Calif.) and outlining the vessels by hand. Vessel diameter, taken as the short axis of the exposed vessel, was used to classify vessels as greater than or less than 100 gim. However, diameter per se was not used in the volume calculation since intravessel area is directly proportional to vessel volume for planar sections. Intravessel area was calculated using the digitized coordinates of the vessel walls by microcomputer (Macintosh SE). Large-vessel volume was expressed as ml/100 g by taking the density of the tissue as unity and with vessel volume included in the total volume.
Statistical Analysis
Results are expressed as mean±SEM. The experimental design allowed us to use a two-way analysis of variance to provide evidence of differences related to experimental models (KCl or BaCl2 arrest) as well as transmural differences. Differences between groups were evaluated using the Newman-Keuls test. For rats in which both albumin and fibrinogen plasma volume markers were used simultaneously, plasma volume was found to be overestimated by albumin in all three rats. The overestimation of plasma volume using albumin was 6.9+±1.4% in these rats, and no differences in plasma volume overestimation between epicardium and endocardium were observed. This permitted an easy correction for plasma volume measurements, and albumin was used as the plasma marker in the remaining experiments because of its experimental convenience.
Results
Aortic
Intramyocardial Blood Volume After Potassium Arrest Total volume. Total intramyocardial blood volume versus normalized distance from the epicardium for the KCI group is shown in Figure 5 . Blood volume decreased transmurally from a value of 11.9±1.0 ml/100 g in the most epicardial layer to 6.8±1.1 ml/100 g in the most endocardial layer (p<0.005). The transmural average of intramyocardial blood volume in this group was 8.6±1.3 ml/100 g.
Large-vessel volume. The volume of blood contained in vessels with diameters greater than 100 ,um measured from photographs of the frozen tissue sections in the KCI group is shown in Figure 6 . Large-vessel intramyocardial blood volume was found to be 4.1+0.3 ml/100 g in the most epicardial layer and decreased continuously toward zero in the endocardium. The transmural average of intramyocardial blood volume contained in the large vessels of the KCI group was 1.2±0.3 ml/100 g. Very little blood volume was contained in these larger vessels in the inner half of the myocardium. Although vessels smaller than 100 ,um were clearly visible in the photographs, as in Figure 4 , no vessels larger than 100 ,um were observed in the most endocardial layer in any of the rats.
Small-vessel volume. The volume of blood contained in vessels with diameters smaller than 100 ym was calculated by subtracting large vessel volume from total volume and is shown in Figure 7 . The transmural average of this volume was found to be 7.4 ml/100 g. Intramyocardial Blood Volume After Barium Arrest Total volume. Total intramyocardial blood volume in the BaCl2 group is shown in Figure 5 . In the first epicardial layer, intramyocardial blood volume was 8.1±+1.5 ml/100 g and decreased to 4.4±0.6 ml/100 g in the most endocardial layer (p<0.005). Total blood volume was significantly smaller in the BaCl2 group than in the KCl group in all transmural layers (p<0.0001). The transmural average of intramyocardial blood volume in the BaCl2 group was 5.0+0.7 ml/100 g and was significantly lower than the 8.6±+1.3 ml/100 g value found in the diastolic group (p<0.01).
The change in total intramyocardial blood volume across the myocardial wall induced by barium contraction was calculated by subtracting the transmural average of intramyocardial blood volume in the BaCl2 group (5.0 ml/100 g) from that of the KCl group (8.6 ml/100 g) and was found to be 3.6 ml/100 g. This corresponds to a total change in intramyocardial blood volume between prolonged relaxation and contraction of 42%.
Large-vessel volume. Figure 6 shows the results of measurements of large-vessel volume in the BaCI2 group. Large-vessel volume was near zero everywhere except in the most epicardial layers. Within Plot showing intramyocardial blood volume contained in vessels smaller than 100 pm calculated by subtracting large-vessel volume ( Figure 6 ) from total volume ( Figure  5 ). Volume was measured using plasma and red blood cell labels in both the KCI (o) and BaCl2 (a) groups. Tissues were sectioned from the epicardium (EPI) to the endocardium (ENDO). the first 10% of the myocardium, large-vessel volume was 2.6+0.9 ml/100 g. The transmural average of large-vessel intramyocardial blood volume in the BaCl2 group was 0.3+±0.1 ml/100 g, significantly less than 1.2±0.3 ml/100 g found in the diastolic group (p<O.O5).
The change in large-vessel volume due to cardiac contracture was calculated by subtracting the transmural average of large-vessel volume in the BaCl2 group (0.3 ml/100 g) from that of the KCI group (1.2 ml/100 g) and was found to be 0.9 ml/100 g.
Small-vessel volume. The volume of blood contained in vessels with diameters less than 100 ,um can be calculated by subtracting large-vessel volume from total volume and is shown in Figure 7 . The volume change of these vessels due to cardiac contraction was estimated by subtracting the transmural average of volume in the BaCl2 group (4.6 ml/100 g) from that of the KCI group (7.4 ml/100 g) and resulted in a value of 2.8 ml/100 g.
Discussion
This study is the first to report on the effects of barium-induced myocardial contracture on intramyocardial blood volume. A transmural average of 3.6 ml/100 g was ejected from the myocardium during barium contracture, of which 0.9 ml/100 g was ejected from vessels with diameters greater than 100 ,um. Before addressing the relation between these results and the change in intramyocardial blood volume during the normal cardiac cycle, some methodological considerations will be discussed.
Discussion of Methods
Extravasation ofalbumin. Albumin has been shown to pass into the extravascular space of myocardial tissue. 18, 23 This causes an overestimation of the intramyocardial plasma volume. Fibrinogen has been shown by Eliasen et a118 to remain intravascular for at least 30 minutes and was chosen as a second plasma label to quantify the filtration of albumin in the present experimental method. The overestimation of plasma volume caused by extravasation of albumin was found to be about 7% of the plasma volume.
Because total volume depends on red blood cell volume as well as plasma volume, the overestimation of total volume was even less than 7%. Since both the KCl and BaCl2 groups would be affected similarly, any errors caused by this effect will cancel when calculating the change in intramyocardial blood volume due to contraction.
Fast-fieezing technique. The freezing process itself could have influenced the total intramyocardial blood volume as well as the transmural distribution of that volume. The rat heart was chosen in the present study because of its small size to minimize this possibility. Additionally, the hearts were placed into a specially designed plastic tube to ensure that freezing began at the same time on all external surfaces of the heart. By use of this arrangement, a change in total blood volume due to freezing is unlikely since most large arteries and veins lie on or near the surface of the myocardium and were among the first to be frozen, trapping the intramyocardial blood volume very early in the freezing process with the exception of venous escape via the thebesian veins. A transmural redistribution of blood volume would require a net movement of blood either into or out of the epicardial layers. Clark and Clark24 have shown that the depth of frozen tissue is more than 1 mm after 1 second of exposure to liquid nitrogen. Since transcapillary times are on the order of 1 second, a net movement of blood to or from the epicardial layers was not possible. In addition, the viscosity of blood increases dramatically between 37°C and 10°C, such that the blood probably remained in place even before the tissue was frozen. Therefore, blood redistribution effects due to freezing are expected to be small in the rat heart.
Vessel orientation and diameter. Capillary orientation had no effect on the radioisotopic measurements of intramyocardial blood volume since the thickness of the sections (200 ,um) was considerably larger than both capillary diameters and intercapillary distances. Any dependency of large-vessel volume on orientation measured using radioisotopes would not be an artifact of the method but rather a reflection of real variations in blood volume. In the case of the independent measurement of large-vessel volume calculated from vessel cross-sectional area, it is clear that calculated volume increases as the angle between the vessel axis and the cutting plane decreases. However, this increase in cross-sectional area occurs at the same rate as the increase in blood volume contained within that tissue section. Inaccuracies in estimated large-vessel volume due to curved vessels were not possible since photographs were taken every 100 ,um. Thus, vessel orientation played no role in the present study.
Vessel diameter was used to classify vessels as greater than or less than 100 gm and was taken as the short axis of the exposed vessels in the photographs of the frozen sections. For a circular vessel, this is appropriate since the exposed vessel will in general be ellipsoidal with the short axis equal to diameter. In the KCl group, most exposed vessels appeared ellipsoidal, suggesting that the vessels were approximately circular. In the BaCl2 group, some vessels appeared to be partially collapsed and were sometimes difficult to classify as greater or less than 100 ,um. However, since large-vessel volume was quite small in the BaCI2 group, the error introduced by incorrect classification was also small. Calculations of vessel volume were not affected by noncircular vessels since the intravessel area in a planar section is proportional to vessel volume even for noncircular vessels. Therefore, the error introduced by noncircular vessels was small. Barium contracture. Cardiac contracture was induced in the present study by intravenous injection of BaCl2. The extent to which the present results are representative of normal blood volume variations during the cardiac cycle depends on the characteristics of barium contracture. Barium contracture differs from a normal systole in at least two respects: 1) the developed tension may differ from that of a normal systole, and 2) the duration of the contraction is significantly longer than a normal systole. The concentration of barium in the present study was chosen to induce a maximal contraction. The results of Munch et a125 show that the developed tension during barium contracture reaches a plateau of about 80% of the tension developed during a normal systole at barium concentrations less than those of the present study, suggesting that developed tension in the present study did not exceed that of a normal systole. However, Bellamy and O'Benar26 have noted that barium produced a rock-hard contracure of the heart, suggesting that the developed tension is higher than a normal systole. Therefore, it appears that the developed tension in the present study was approximately equal to or perhaps greater than that of a normal systole. The fact that barium produces a prolonged contracture enabled us to freeze the tissue in a known state. The elapsed time between the last cardiac cycle and the time of freezing was approximately 1 second, during which time contracture of the heart could affect intramyocardial blood volume. Typically, the heart rate of the rat is about 5 beats/sec (300 beats/min), such that barium contracture affected blood volume for a period five times longer than the cardiac cycle. Therefore, it is likely that barium contracture overestimates the blood volume changes during the normal cardiac cycle because of either greater developed tension or a longer time available to empty the vessels, or both.
Drug effects. In preliminary experiments, BaCl2 caused a systemic vasoconstriction resulting in a dramatic rise in systemic blood pressure immediately before heart arrest, such that the perfusion pressures of the systolic and diastolic groups were unequal. Carbocromene was injected simultaneously with both the BaCl2 and KCI in the remaining experiments to counteract their vasoconstrictive effects. The dose of carbocromene was chosen to keep systemic blood pressure constant during the period immediately before heart arrest. The aortic pressure record of Figure 1 shows that the use of carbocromene was successful in maintaining systemic pressure constant immediately before heart arrest.
The fact that barium caused systemic vasoconstriction suggests that barium may also have caused coronary vascular constriction. This vasoconstriction may have decreased the intramyocardial blood volume in the BaCl2 group independent of myocardial contracture. Although carbocromene attenuated the vasoconstrictive effects of barium in the systemic circulation, it is difficult to determine whether carbocromene had a similar effect on the coronary circulation without measurements of coronary flow.
Elevated levels of potassium cause a decrease in cardiac muscle tone. Muscle tone in the KCl group was therefore probably lower than during a normal diastole, in which some tone remains even during ventricular relaxation. This reduction of muscle tone in the KCI group may have caused an overestimation of blood volume in a normal diastole.
Intramyocardial Blood Volume After Potassium Arrest
Total volume. Crystal et al19 have found total intramyocardial blood volume in the dog to range from 7.3 to 12.8 ml/100 g, depending on vasomotor tone. Gerdes and Kasten9 and Hyde and Buss10 have measured the vascular volumes of arteries, capillaries, and veins by using morphological methods in the dog heart and reported total intramyocardial blood volumes of 8.5 and 13.6 ml/100 g, respectively. In the rat heart, Rakusan20 found total intramyocardial blood volume to be 9.6 ml/100 g. These values agree well with the transmural mean value of 8.6 ml/100 g found in the KCl group of the present study.
Salisbury et a122 and Morgenstern et a121 have shown that intramyocardial blood volume is a function of perfusion pressure. These authors have reported intramyocardial blood volumes of 10.5 and 9.5 ml/100 g tissue, respectively, at a perfusion pressure of 50 mm Hg, which is near the average perfusion pressure in the present study at the time of freezing. These values were measured in the beating heart and therefore represent a weighted average of systolic and diastolic volumes. Nevertheless, these values are quite similar to the present results.
Large-vessel volume. Few authors have reported independent measurements of large-vessel intramyocardial blood volume. Gerdes and Kasten9 and Hyde and Buss10 have reported large-vessel volume to be about 3.0 ml/100 g in the dog heart, a value similar to the present results in the epicardium. In contrast to the present study, however, these authors did not find a transmural gradient in large-vessel intramyocardial blood volume. This difference may be species dependent since the large epicardial vessels of the rat are only about 300 gm in diameter, compared with several millimeters in the dog; capillary diameters are comparable. Therefore, differences in branching effects, combined with the 100 gm threshold level for large-vessel volume used in the present study, may be responsible for this discrepancy.
Small-vessel volume. The volume of the smaller vessels after diastolic arrest, particularly the capillaries, has been well studied. In the rat heart, Rakusan20 measured intramyocardial blood volume using tracers and found a volume of 7.5 ml/100 g in the terminal bed. Capillary blood volume in the rat heart can be estimated from the capillary diameter and density measurements given by Gerdes et a18 and gives values of 4.5 and 5.7 ml/100 g in the epicardium and endocardium, respectively. Anversa et al16 have reported capillary volumes of 6.1 and 3.2 ml/100 g in the epicardium and endocardium, respectively. In the dog heart, the measurements of intramyocardial blood volumes using tracers reported by Myers and Honig, 17 Eliasen et al, 18 and Crystal et al19 lie in the range of 3.9-7.4 ml/100 g, each with a volume gradi-ent favoring the endocardium. The results of these last three studies are considered to be measurements of small-vessel volume, since each of the authors explicitly removed the large vessels before the volume measurements. Although it is difficult to conclude whether there is a transmural gradient in small-vessel blood volume due to species and laboratory variability, the present results, in which smallvessel blood volumes in the arrested heart are approximately 7-8 ml/100 g, agree well transmurally with other reported values.
Intramyocardial Blood Volume After Barium Arrest Total volume. Total intramyocardial blood volume during cardiac contraction has not been previously reported. The transmural average of total intramyocardial blood volume was found to decrease by 3.6 ml/100 g between the KCl and BaCl2 groups. This value agrees well with the intramyocardial blood volume change of 3.01-4.13 ml/100 g, depending on vasomotor tone, found by Vergroesen et a12 in the first moments after cardiac arrest in the goat.
During the normal cardiac cycle, the out-of-phase nature of coronary inflow and outflow requires a systolic-diastolic intramyocardial blood volume variation. By independently integrating systolic and diastolic measurements of inflow and outflow made in our laboratory,27 we calculate that about 0.75 ml/100 g blood is stored and discharged from the myocardium during the cardiac cycle, compared with the change of 3.7 ml/100 g due to barium contracture. As previously discussed, barium contracture probably overestimates blood volume changes because the developed tension may be greater or because the contraction is of longer duration, or both. If the greater change in blood volume during barium contracture was at least partially due to the abnormally long duration of the contraction, it would suggest that the time constant for changes in intramyocardial blood volume is longer than the cardiac cycle. This was the conclusion of the study by Vergroesen et a12 and is a necessary assumption to explain the diastolic zero-flow pressure on the basis of intramyocardial capacitance as suggested by Spaan.6 Large-vessel volume. The present results suggest that the large epicardial vessels have the capacity to be almost completely emptied by cardiac contracture. This effect alone accounts for a substantial part of the total epicardial volume change. The change in the transmural average of large-vessel volume was 0.9 ml/100 g. The results of Gerdes and Kasten9 and Hyde and Buss10 suggest that the veins constitute approximately 80% of large-vessel intramyocardial blood volume. This is in agreement with the observations of Grayson et a128 and Bassingthwaighte et al,29 who concluded from casts of the coronary circulation that the majority of large-vessel volume is found in the veins. This suggests that a substantial part of the 0.9 ml/100 g ejected from the large vessels during barium contracture was ejected from the veins. Small-vessel volume. Cardiac contraction was found to decrease the volume of blood in vessels smaller than 100 gm by 2.8 ml/100 g. This value is about three times larger than the 0.9 ml/100 g ejected from the larger vessels. Tillmans et a132 have reported that the diameters of the capillaries, as well as the diameters of small (<100 ,gm) arterioles and venules, all decrease by about 34% during systole in the turtle and the dog. Since vessel volume is proportional to the square of diameter, this systolic decrease in diameter suggests a larger decrease in volume than that found in the present study. However, the results of Tillmans et a132 are in agreement with the present results in that they emphasize the important contribution of these vessels to the variations in total intramyocardial blood volume during the normal cardiac cycle.
In summary, the results of the present study show that total intramyocardial blood volume is decreased by about 42% due to a barium-induced cardiac contracture in the rat heart. About three quarters of this volume is ejected from the smaller vessels during barium contracture. Although differences between barium contraction and a normal systole have been observed, the results suggest that during the normal cardiac cycle the small vessels of the coronary circulation play an important role in the determination of phasic coronary blood flow.
